We report on single pass optical gain and lasing measurements on a blue-emitting copolymer, poly͑m-phenylene vinylene-co-2,5-dioctyloxy-p-phenylene vinylene͒ under 0.5 ns pulsed photoexcitation. This soluble copolymer is designed and synthesized for light amplification and lasing applications. Blue photoluminescence is achieved by introduction of the meta linkage of the phenylene rings in the polymer backbone, which reduces the extent of delocalization of electrons. The large Stokes shift of about 70 nm implies a low reabsorption rate, and leads to easier creation of population inversion and hence to efficient light amplification. A solution of the polymer exhibits amplified spontaneous emission evidenced by spectral narrowing and a superlinear increase of output intensity when it is photoexcited at 337 nm. By means of the variable excitation stripe length method, net gains of 18 and 24 cm Ϫ1 are deduced for different pump energies of 71 and 113 J, respectively. Moreover, laser emission from the polymer solution is obtained in a simple cavity formed by Fresnel reflections at the cuvette-solution interfaces. A conversion efficiency as high as 27% and a wide tuning range between 470 and 492 nm in solutions are demonstrated.
INTRODUCTION
Organic conjugated polymers have become important materials due to their potential as an active medium in light emitting diodes 1,2 and electro-luminescent displays. 3 The high photoluminescence quantum yield of many conjugated polymers makes them promising candidates for active laser media and, in fact, optical gain and lasing have been demonstrated in many conjugated polymers both in solutions and films. 4 -8 The advantage of these materials is that the lasing spectrum covers wide regions in the visible that are still not easily accessible by the most commonly used inorganic semiconductor materials. Furthermore, the tolerance of conjugated polymers to high concentrations of emissive species without alteration of their optical properties and degradation of laser performance is a potential advantage over classical organic dyes. The high concentration of emissive species together with the large emission cross section induced due to the fully allowed transition between S 0 and S 1 states is responsible for the large optical gain inherent in this class of materials. Ultrafast pump-probe measurements of thin films have demonstrated very large optical gains of the order of 10 4 cm Ϫ1 in some conjugated polymers. 9 Conjugated polymers such as poly͑p-phenylene vinylene͒ ͑PPV͒ have large vibronic fluorescence bands in the visible spectral range with large stimulated emission cross sections of the order of 10 Ϫ16 cm 2 .
10 By modifying the structure of PPV various luminescent polymers can be made which can be used to fabricate devices that emit colors from the UV to the IR regions. 11 For example, introducing electron-donating groups onto the polymer unit leads to a redshift in the absorption maxima 12 and introducing long alkoxy chains increases the solubility and thus the processability of the polymer. 13 Blueshifted luminescence can be achieved by reducing the effective conjugation of the main polymer chain. One way of doing this is by incorporating meta-linked phenyl rings within the backbone; 14 for example, multilayer electroluminescent devices ͑LEDs͒ have been made from the derivative poly͑m-phenylene vinyleneco-2,5-dioctyloxy-p-phenylene vinylene͒ ͑DOP-PmPV͒.
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Currently studies are in progress to understand the process of emission and light amplification in such materials.
Here we report the optical gain measurements of DOPPmPV in toluene. The spectral narrowing and the exponential increase of the output intensity upon an increase of the excited stripe length clearly show the existence of optical gain by stimulated emission. Furthermore, we demonstrate laser emission from DOP-PmPV in toluene solutions that shows that laser action can be obtained with low absorbed energy threshold.
EXPERIMENTS AND RESULTS
The copolymer is made by a Horner-Emmons condensation reaction in toluene described elsewhere. 16 Full optical characterization of the copolymer was undertaken and it is given in Ref. can be efficiently induced with output wavelengths of either a frequency-tripled Nd 3ϩ :YAG laser or of a N 2 laser. Solutions with concentrations of 2 and 4 g/l were prepared in toluene, and placed in a 10 mm cuvette. In the present study, the samples were photoexcited at 337 nm with a N 2 laser ͑0.5 ns pulse width, 10 Hz repetition rate͒.
The experimental method for optical gain measurement uses a variable excitation stripe length method similar to that used by Shaklee and Leheny and by Sorek et al. 18, 19 It involves the detection of the single pass amplified light emitted along the length of an optically pumped sample. This measurement allows assessment of the optical gain and the laser potential in the materials without construction of a resonant cavity. The excitation beam from the N 2 laser was focused onto the surface of the cuvette by a cylindrical lens of f ϭ10 cm, and produced a thin stripe on the cuvette approximately 0.1 mm in thickness and 10 mm in width. The sample was mounted on a translation stage to allow variation of the excited stripe length. The spontaneous fluorescence emitted in parallel to the stripe was collected and focused with a lens at the entrance of a 1200 grooves/mm monochromator prior to detection with a sensitive silicon photodiode. The signal was then amplified and averaged with a boxcar averager. Figure 2 shows the change in the fluorescent spectrum at maximum pump intensity of 2.3ϫ10 6 W/cm 2 , with an increase in excitation length. The amplified spontaneous emission spectrum produces a strong peak located at 480 nm, which becomes narrower with an increase in excitation length. Figure 2 illustrates that, as the length of the excited region increases from xϭ0.1 to 0.6 cm, i.e., by a factor of 6, the fluorescence intensity at its peak ͑480 nm͒ increases by a factor of around 40. This behavior indicates clearly that the fluorescence spectra measured are the superposition of spontaneous fluorescence and stimulated emission. While the spontaneous fluorescence intensity increases linearly with the excited region length, the stimulated emission intensity increases exponentially and narrows the global emission spectrum around its peak, where the net gain is at its maximum. Figure 3 shows the output intensity of the emission maximum as a function of the excitation strip length for two different pump intensities. Figure 3 clearly shows a superlinear increase. The increase is a direct indication of the presence of positive gain and of the predominance of a stimulated emission mechanism. The measurements were performed on excited strip lengths up to 6 mm. However, in order to exclude emission from inhomogeneously excited regions or the saturated regions, only the first 3 mm was considered for calculations.
In order to deduce the net optical gain coefficients with variation of the excitation lengths, we use an equation given by other authors: 18, 19 I͑x ͒ϭ͑ I p A/g eff ͓͒exp͑ g eff x ͒Ϫ1͔. ͑1͒ Here I(x) denotes the emission intensity. The term Ai p describes the spontaneous emission, which is proportional to the pump intensity I p . g e f f ϭg se Ϫ␣ is the net optical gain coefficient where g se is the internal gain and ␣ is the total optical loss per unit length in the sample. The loss is not only due to self-absorption but also due to excited state absorption. The fit of Eq. ͑1͒ to the experimental data with two adjusting parameters g eff and AI p gives g eff ϭ18 cm Ϫ1 at a pumping energy of 71 J and g eff ϭ24 cm Ϫ1 at a pumping energy of 113 J/pulse.
Laser action was observed when the polymer solution was pumped at 337 nm with the same N 2 laser. The solution was put into a 1 cm wide quartz cuvette. The input and output pulse energies of the laser were measured using a calibrated pyroelectric detector. A monochromator was used to determine the tuning range. Laser oscillation was established to be due to Fresnel reflections between the internal faces of the cuvette. The input/output energy curve is shown in Fig. 4 for two different concentrations. We can see clear threshold behavior followed by a linear increase of output energy, which is an unambiguous feature of the onset of laser action. The spectral half width was 7 nm. The plots show a conversion efficiency of 27% and 21% for 4 and 2 g/l, respectively. The absorbed energy threshold decreases from 57 J/pulse for a 2 g/l concentration to 36 J/pulse for a 4 g/l concentration. This indicates that increasing the concentration is not necessarily accompanied by an increase of optical losses. Figure 5 shows the stimulated emission spectrum of the polymer in relaxed mode. The lasing spectrum covers a wide range from 470 to 492 nm with the output maximum at 480 nm.
CONCLUSIONS
We have investigated the properties of a meta-phenylene vinylene copolymer as a lasing material. Single pass gain measurements have revealed that the copolymer in toluene solution has a net gain of 18 -24 cm Ϫ1 at 480 nm, which suggests that the material would be useful as a laser medium. Furthermore, we have demonstrated laser action in solutions of the copolymer in a simple resonator defined by the cuvette walls. The high gain of the material allows laser action to occur in such a low-Q cavity. The tuning range and conversion efficiency were presented. Further studies in progress include the optimization of lasing conditions and optical characterization of the material in solid-state hosts. 
